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In a review published in 1977, Sachs [1] concluded that
"biochemical studies on renal tissue have so far not shown the
presence of any active pump mechanism other than Na,K-
ATPase," and pointed out that transport of Na, K, H, Cl, and
HCO3 can be explained by various modes of direct or indirect
coupling to Na,K-ATPase. In the intervening years a large body
of information further established the crucial role of Na,K-
ATPase in tubular electrolyte transport, while at the same time
providing evidence for the presence of other transport ATPases
in the kidney. In parallel, microdissection and microanalysis
techniques have made possible the examination of metabolic
and enzymatic processes in discrete tubule segments that
revealed the remarkable biochemical heterogeneity of the neph-
ron [2], much as in the recent past in vitro tubule microperfu-
sion has demonstrated the axial heterogeneity of its transport
processes [3, 4].
Given the functional specialization of different nephron seg-
ments, one can easily appreciate why studies of renal biochem-
istry with classical methods using tissue slices or homogenates
are subject to the same kind of limitations as, for example, the
analysis of kidney function with clearance techniques: Both
provide information about the kidney as a whole, rather than
about its component units. To understand nephron function,
one has to study it in its subdivisions of interest; to evaluate the
regulation and the role of ATPases in tubular transport, it is
essential to examine the behavior of these enzymes in individ-
ual nephron segments, and first to delineate their location along
the nephron. This paper reviews the nephron distribution and
function of several classes of ATPase, with emphasis on the
sodium- and potassium-activated adenosine triphosphatase
(Na,K-ATPase), and including the calcium- and proton-
ATPases, about which much less is known at this time.
Sodium- and potassium-activated adenosine triphosphatase
(Na,K-ATPase)
Na,K-ATPase, the biochemical equivalent of the sodium-
potassium pump, is located in the plasma membrane and is
responsible for active Na extrusion from, and K entry into the
cell. This enzyme couples the hydrolysis of ATP to the coun-
tertransport of sodium and potassium against their respective
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electrochemical gradients. It spans the membrane to interact
with ATP and Na on the inside, and with potassium and digitalis
glycosides, a highly specific class of inhibitors, on the outside of
the cell. The purified enzyme consists of a larger subunit,
termed a, that contains the catalytic site and has a molecular
weight of approximately 100,000 daltons, and a "'40,000dalton
/3 subunit, a sialoglycoprotein whose role in the function of the
enzyme system is less clear. Na,K-ATPase probably exists in
the membrane as the dimer (a2/32), with a molecular weight of
approximately 280,000 daltons. (For a detailed review of the
biochemical characteristics of renal Na,K-ATPase, see [5] and
the contribution of P. L. Jorgensen elsewhere in this sympo-
sium issue.)
The kidney is rich in Na,K-ATPase and has served both as a
source for preparation of the enzyme in pure form and as object
of intensive study of its function, properties, and structure
[5—7]. Na,K-ATPase is not distributed uniformly in the kidney,
due to the marked structural and functional heterogeneity of
this organ. The relative content of the enzyme in the three
major anatomic subdivisions of the kidneys, determined in
tissue homogenates from each, is highest in the outer medulla,
intermediate in the cortex, and lower in the inner medulla-
papilla [8]. These measurements are, of course, determined by
the relative abundance of different nephron segments in each
zone and by the Na,K-ATPase content of each segment. For
example, the higher enzyme activity in the outer medulla
reflects the fact that it contains chiefly thick ascending limbs of
Henle's loops, which are among the segments with the highest
concentration of Na,K-ATPase in the entire nephron [9—Il].
Whereas much of our present knowledge of renal Na,K-
ATPase was obtained from studies of its activity in kidney
homogenates or cell fractions prepared from them, this ap-
proach has definite limitations, alluded to above. First, it does
not allow quantitative correlations with the functions the en-
zyme is postulated to mediate in various nephron segments.
Clearly, Na,K-ATPase activity measured in a mixture of tu-
bules, which are heterogeneous in origin and include blood
vessels, glomeruli and interstitial tissue, can be related only in
a general way to the transport events determined by microper-
fusion of isolated tubules. More important, physiologic alter-
ations, hormones and dietary manipulations that affect trans-
port do so in definite regions of the nephron and not in others.
Unless very large, a parallel change in Na,K-ATPase activity in
a discrete nephron segment is likely to remain undetected when
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the enzyme is measured in preparations from the entire cortex
or medulla.
N,K-A TPase in individual nephron segments
Methods
It was not possible to circumvent the problems posed by
nephron heterogeneity other than by perfecting microdissection
to allow separation and identification of individual nephron
segments and by scaling down the assay to the size required for
analysis of single pieces of tubule. This dual achievement was
facilitated by the pioneering work of Burg et al 112], who, for
the first time, were able to dissect tubules from collagenase-
treated rabbit kidneys, and by the development of ultramicro-
methods of enzymatic analysis (the "oil-well technique") by
Lowry and Passoneau [13].
The first reported measurements of Na,K-ATPase in individ-
ual tubules were obtained by Schmidt and Dubach in 1969 [9].
Using ultramicrochemical techniques, these authors deter-
mined the enzyme activity in lyophilized rat tubules and found
it to be several-fold higher in distal than in proximal nephron
segments. The laborious preparation technique consisted of
freezing the kidney in liquid nitrogen, cutting and staining with
PAS thin sections for identification of the structures microdis-
sected from an adjacent freeze-dried slice, and weighing each
nephron segment on a quartz-fiber balance. In the original
report, Schmidt and Dubach [9] microcolorimetrically mea-
sured the inorganic phosphate liberated during ATP hydrolysis,
but in subsequent publications [14—16] they substituted a more
elaborate enzymatic cycling method in which a reaction cas-
cade culminates in the generation of NADPH which is mea-
sured fluorometrically. This series of reactions produces an
amplification effect that allows extreme reductions of the incu-
bation volume and quantity of tissue examined by greatly
increasing the sensitivity of the assay.
Limitations of the technique using freeze-dried tissue include
the difficulty to dissect and measure the length of the segments
accurately [16] and partial inactivation of the enzyme during
lyophilization ([5, 11, 171, and author's unpublished observa-
tions), but its principal disadvantage is that it is too complex for
widespread application. For this reason it was not reproduced
by others, and an entire decade elapsed before alternative
techniques were introduced in other laboratories [10, 18, 19].
My colleagues and I [10, 181 sought to simplify the method-
ology of isolated tubule biochemical analysis by using fresh
tubules microdissected from collagenase-treated kidneys and
radiolabeled ATP as substrate, a choice that ensured adequate
sensitivity of the assay without the need for the complex
enzymatic cycling system. Tubules were dissected under stereo-
microscopic observation and individually photographed to de-
termine their length. We verified that collagenase, which re-
moves the tubular basement membrane, had no effect on
Na,K-ATPase activity. We used a two-step permeabilization
procedure (hypotonic lysis and rapid freeze-thawing) to ensure
ATP penetration into cells. Tubules were incubated in a 1-pi
assay medium, and enzyme activity was determined by direct
measurement of labeled inorganic phosphate released by the
hydrolysis of [y-32P]ATP [18], This technique is both simple
enough to permit simultaneous measurement of Na,K-ATPase
in large numbers of tubules and sufficiently sensitive to deter-
mine enzyme activity in tubule segments as short as 100 to 200
sm. It enabled us to define the Na,K-ATPase activity profile in
most nephron segments, not only from rabbit kidneys, but also
from those of the rat and mouse which are more difficult to
dissect [10].
Garg, Knepper, and Burg [11] and Czaczkes, Vurek, and
Burg [19] utilized a method that combines certain features of the
preceding two: Tubule microdissection and permeabilization
were as proposed by Doucet, Katz, and Morel [181, whereas
determination of ATPase activity was with a method that
couples stoichiometrically ATP hydrolysis with oxidation of
NADI-1, the latter being monitored with a specially designed
fluorometer. Finally, a different method of assessing Na,K-
ATPase in individual nephron segments based on the measure-
ment of [3fllouabain binding was reported recently [20] and is
discussed below.
Na,K-ATPase activity profile along the nephron
Na,K-ATPase activity has been measured systematically in
individual segments of nephrons dissected from rabbit [10, 11,
16, 20], rat [9, 10], mouse [10], and human [171 kidneys (Table
1). When measured with the same techniques [10], Na,K-
ATPase was in general comparable in the three species studied,
being of greater quantity in the rat, intermediate in the mouse,
and lesser in the rabbit nephron (Fig. 1). Not surprisingly, when
different studies were compared, absolute levels of enzyme
activity correspond in some nephron segments and vary in
others because of the different methods used. Remarkably, the
enzyme profile along the nephron (that is, relative activity in its
different segments) is similar regardless of the method used or
species studied, the greatest activity being always measured in
the thick ascending limb' and distal convoluted tubule [9—11,
16, 17, 20]. Considerable activity is also found in the proximal
convoluted tubule [10, 11, 17, 201, whereas Na,K-ATPase is
present in lesser amounts in the collecting tubule and pars recta
[10, 11, 17, 201 and is barely detectable in the thin limbs of
Henle's loops [10, 11].
Localization of Na,K-ATPase chiefly in the distal nephron
was also demonstrated with an entirely different approach,
involving a combination of light microscopy histochemistry and
electron probe microanalysis of the reaction product of oua-
bain-inhibitable p-nitrophenylphosphate hydrolysis. With these
techniques, Beeuwkes and Rosen [23] found the highest Na,K-
ATPase activity in the thick ascending limbs and distal convo-
luted tubules of human, rat, and rabbit kidneys, but they did not
detect activity in proximal convoluted or collecting tubules.
Shaver and Stirling [24] demonstrated major Na,K-ATPase
activity in thick ascending limbs but little or none in either thin
limbs or medullary collecting tubules using autoradiography of
rabbit medullary slices previously incubated with [3H]ouabain.
Thus, the two latter methods identifed the enzyme in nephron
sites rich in activity, but lacked sufficient sensitivity to detect it
Na,K-ATPase activity is lesser in the cortical thick ascending limb
of the rabbit [10, 11, 16, 20], which has an attenuated diameter [101 and
lesser capacity for Na transport [21, 22] compared to the medullary
portion of the thick ascending limb. Such differences are not seen in the
thick limb of rat and mouse nephrons [10].
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Table 1. Na,K-ATPase along the rabbit, rat, and mouse nephrona
Ratb
Rabbit" Humanc Rabbitd Rate Mouse"
Rabbitc
Rabbit
[3Hjouabain binding
MKH MKH pmoles P,/mmlhr pmoles P/mm/hr fmoles/mm
Nephron segment
PCT 1.56 3.3 2.1 2303 2436 1776 6300 10.95
JM 2.82 6.3 4.1
PR 0.28 ND 0.2 638 505 487 1380 3.25
JM 1,34 1.1 0.3
TDL 108 299 259 240
TAL 126 180
MAL 12.10 26.1 17.3 2459 4530 3697 7440 21.25
CAL 6.10 12.1 5.6 976 4974 3669 1860 5.06
DCT 7.88 3091 6679 5171 9120 3147/11,23g
CNT 7560
CCT
MCI 6 27I '
8.2
3.0
4.3
1.4
822 769 1071
514 751 265
1380
1140
6.82
2.67
Abbreviations: JM, juxtamedullary; ND, not detectable; PCI, proximal convoluted tubule; PR, pars recta; TDL, thin descending limb; TAL,
thin ascending limb; MAL, medullary, and CAL, cortical thick ascending limb; DCI, distal convoluted tubule; CNI, connecting tubule; CCT,
cortical; MCT, medullary collecting tubule; MKH, moles of inorganic phosphate/kg dry weight/hr.
a Unless otherwise indicated, all data refer to superficial nephrons or nephrons of undetermined location.
b [9]
C [17].
d [10][Ii].
'[20].
Data represent binding in the bright and granular portions of the distal convoluted tubule, respectively.
0
PCT PR TDL TAL MAL CAL DCT CCT MCT
Fig. 1. Distribution of Na,K-ATPase activity along the rabbit, rat, and
mouse nephron. Abbreviation definitions are in lable I. Symbols are:
•, rabbit; , rat; fl, mouse. (Reprinted with permission from [10].)
in other nephron segments in which it was found in substantial
amounts with the isolated tubule technique.
An alternative approach to the study of Na,K-ATPase in the
nephron was recently reported by El Mernissi and Doucet [20],
who measured the number of Na,K-ATPase units (as opposed
to the activity of the enzyme) from the specific binding of
[3H]ouabain. The number of catalytic units in individual seg-
ments of the rabbit nephron paralleled the activity of Na,K-
ATPase, both again greatest in the distal convoluted tubule2 and
Specific binding of [3Hl ouabain, fmoles 'mm1
Fig. 2. Relationship between specific ouabain binding and Na,K-
ATPase activity in the rabbit nephron. Abbreviation definitions are in
Table 1. Symbols are: •, PCI; 0, PR; A, MAL; A, CAL; U, DCI,,; El,
DCI,,; 7, CCI; 7, MCI. (Reprinted with permission from [20].)
medullary thick ascending limb (Table 1). The remarkable
correspondence between specific ouabain binding and ATP
hydrolyzing activity (Fig. 2) indicates that the pump turnover
Chabardès, and Imbert [25] as DCTa ("ascending"), DCI,, ("bright"),
DCT,, ("granular") and DCI1 ("light"). Of these, "a" is a short
continuation of the cortical thick ascending limb, and "g" and "1" are
developmentally and functionally part of the early collecting tubule.
DCI,, (so called because of its bright appearance under the dissecting
microscope) is probably the only true subsegment of the DCI, being
anatomically and functionally distinct from the adjacent structures. Its
Na,K-AIPase activity is the greatest in the nephron [20].
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2 Distal convoluted tubules (DCI) as often defined (between macula
densa and the junction with another tubule) contain up to four morpho-
loicallv and functionally distinct zones in the rabbit, defined by Morel.
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rate was similar in all nephron segments examined, averaging
2000 ATP molecules/ouabain binding site/minute3 (for compar-
ison, under optimal conditions the molecular activity of Na,K-
ATPase purified from kidney outer medulla is 10,000 ATP/
ouabain binding site/minute [5]). From the number of enzyme
units and that of cells per millimeter of tubule length [II], El
Mernissi and Doucet [201 calculated the number of Na,K-
ATPase units per cell in individual nephron segments: It ranged
between 3 x 106 in MCT and 50 x 106 in DCTb.
Enzyme activity in superficial and deep nephrons. Schmidt
and Dubach [91 noted in their first report that Na,K-ATPase
activity was greater in both the convoluted and straight portions
ofjuxtamedullary compared to subcapsular nephrons of the rat.
This observation was later repeated with human and rabbit
nephrons, where the enzyme in proximal convoluted tubule
(PCT) of deep nephrons was nearly twice that measured in
superficial ones [16, 171. In contrast, Ashton and Koepsell [261
could not detect significant differences in Na,K-ATPase in the
straight portions of the two nephron types, but its activity was
very small and statistically not different from zero in both
segments. The difference in enzyme activity in PCT agrees with
observations that fluid reabsorption in juxtamedullary PCT is
higher than in the superficial ones; on the other hand, fluid
reabsorption in the pars recta of subcapsular and deep nephrons
is similar (reviewed in [4]).
ATPase activity in kidneys of newborn and mature animals
and effect of unilateral nephrectorny. The mammalian nephron
undergoes morphologic and functional maturation during post-
natal development also including the sodium-potassium pump.
Schmidt and Horster [16] found the same pattern of Na,K-
ATPase distribution along the neonatal and mature rabbit
nephron, but enzyme activity was considerably less in each
sment of the neonatal nephron. (In contrast, ouabain-insen-
sitive ATPase was similar or greater in neonatal than in mature
tubules.) Because only Vmax was higher in the mature nephron
while the K, (for ATP, Na, and K) was identical at the two
stages of development, the authors interpreted their observa-
tions to indicate simply more enzyme-bearing basolateral mem-
brane rather than changes in the density of enzyme sites or in its
properties during nephron maturation [161. A progressive incre-
ment in Na,K-ATPase activity between the days 10 and 40 of
age was also observed in a preparation consisting mainly of
proximal tubules from rat kidneys [27].
When one kidney is removed, its mate undergoes a combined
process of functional adaptation and morphologic growth. As
early as 1967, Katz and Epstein [6] reported a gradual and
selective increase in Na,K-ATPase specific activity in a micro-
somal fraction from the remaining kidney of uninephrectomized
rats that roughly paralleled the change in sodium reabsorption
per gram of kidney tissue in these animals. The increment in
enzyme activity reached statistical significance 7 days after
contralateral nephrectomy. Induction of Na,K-ATPase by
uninephrectomy was later examined by Schmidt and Dubach
We have measured in rabbit CCT a somewhat greater specific
[3Hlouabain binding capacity (14.7 1.6 fmoles mm'), which
combined with the parallel measurement of Na,K-ATPase activity in
this segment indicates a turnover rate of approximately 1260
ATP/ouabain binding site/mm [35].
[15] in microdissected proximal and distal convoluted tubules
from the same species. The rise in enzyme activity in the DCT
was more rapid (within the first day after renal ablation) and
more pronounced, whereas in PCT (like in whole tissue
homogenates that consist chiefly of PCT), the increase was
gradual and became significant also only after 7 days.
Localization of Na,K-ATPase in the tubule cell. Renal tubule
cells, engaged in the vectorial transfer of water and solutes,
have undergone morphologic and functional differentiation of
their cell membrane facing, respectively, the urinary or blood
space. Studies using biochemical [281, immunocytochemical
[29], or autoradiographic [24] techniques indicate that Na,K-
ATPase is located on the basolateral aspect of the cell, where its
presence is predicated by the direction of the electrochemical
potential. All these approaches required a substantial amount of
tissue, whether for staining and microscopy or for separation of
luminal and basolateral membranes from homogenates. In the
only study of which I am aware that involves single pieces of
tubules and attests to the remarkable technical skills of its
authors, Schmidt and Dubach [14] cut rat proximal convoluted
tubule cells so they would contain either the basal or the luminal
part. They also reported that Na,K-ATPase is located in the
basolateral membrane and absent from brushborder fragments.
Whether Na,K-ATPase may be also present in small amounts
in other parts of the kidney cell membrane [29] is not settled
entirely, but the weight of current evidence indicates that it is
located probably exclusively in the basolateral membrane (BLM),
for which, indeed, the enzyme is used as marker. It follows that
Na,K-ATPase activity should correlate, at least in a qualitative
manner, with the BLM surface area in various nephron seg-
ments under basal conditions and as a result of physiologic or
experimental alterations. This appears, in fact, to be the case: I
mentioned the parallelism between the increase in BLM surface
area and in Na,K-ATPase activity during the maturation of the
nephron [16]. Similarly, the gradual reduction in BLM of tubule
cells between the early distal convoluted and the cortical
collecting tubule of the rabbit is reflected in an axial decrease in
Na,K-ATPase content along these nephron segments [20].
Finally, chronic administration of corticosteroids and increased
dietary potassium load lead to a marked augmentation of the
BLM in principal cells of the CCT [30—32] that corresponds to
the enhancement of Na,K-ATPase activity produced by these
treatments in the same nephron segment [11, 33—36].
Correlations between Na,K-ATPase activity and
sodiwn transport
Availability of Na,K-ATPase measurements in isolated tu-
bules invites comparisons of its activity with the rates of active
sodium transport in the corresponding nephron segment—an
obvious way of examining the function of this enzyme in the
kidney. It is emphasized, however, that such correlations are
only approximate, both because the exact fraction of sodium
reabsorption dependent on Na,K-ATPase in each nephron
segment is uncertain and, more important, because it is not
known to what extent the enzyme activity measured in vitro
reflects that actually present in vivo. Given these reservations,
it is noteworthy that there is a reasonably good agreement
between Na,K-ATPase activity and sodium reabsorption rates
measured in individual nephron segments by different investi-
Classes of ATPases along the nephron 25
gators using different methods [4, 7, 10, 11]. Significantly, this
type of analysis indicates that, in general, the amount of
Na,K-ATPase present is theoretically sufficient for the active
component of sodium transport in each nephron segment where
data for such comparisons are available.
Proximal nephron. The lumen-negative transepithelial poten-
tial difference in perfused rabbit PCT is abolished by ouabain
[37] and therefore reflects active transport by the Na:K pump.
Net fluid absorption in rabbit PCT perfused with a solution
resembling the glomerular ultrafiltrate ranged between 0.74 and
1.18 nI mm min, which corresponds to 6440 to 10270
pmoles Na• mm hour [4, 381. Assuming the stoichiometry
of 3 moles of sodium transported per mole of ATP, a Na,K-
ATPase activity of 2150 to 3420 pmoles P mm hour'
would be required for the total net Na transport in this segment.
Although the unidirectional Na flux—the more relevant mea-
surement in the context of this comparison—exceeds net Na
reabsorption by a considerable margin, the enzyme activity
measured by us [101 in this segment (2300 pmoles P, mm
hour 1), and certainly that reported by Garg, Knepper, and
Burg [11] (6300 pmoles P mm hour'), appear sufficient,
because only one-third or less of the Na reabsorption in PCT is
active [39]. In addition, the rate of active Na transport mea-
sured with stop-flow microperfusion in rat PCT (6120 pmoles
mm' hour 1) [39] can be accounted for entirely by the
transport capacity of Na,K-ATPase found by us in this segment
of the rat nephron (2240 pmoles P, mm' hour) [101.
All authors who addressed this question measured a substantially
lesser enzyme activity in proximal straight than in proximal convo-
luted tubules of every species studied [9—11, 20, 26], which agrees
with the corresponding difference in the capacity for Na transport of
these two segments [38, 40]. Also, the negligible Na,K-ATPase in
thin limbs of Henle's loop [10, 11] accords with the lack of active Na
transport in this region of the nephron.
Distal nephron. The greatest Na,K-ATPase activity in the nephron
of all species studied was invariably found either in distal convoluted
tubules or in thick ascending limbs of Henle's loop (Table 1; Fig. 1).
The abundance of the enzyme in DCT could be explained by the
requirement to reabsorb sodium against steep concentration and
electrical gradients in this segment. On the other hand, the high
Na,K-ATPase activity in the thick ascending limb, a structure in
which Na reabsorption was presumed to follow passively that of
chloride, coupled with the observation that Cl transport in this
portion of the nephron is inhibited by ouabain [21, 22], have baffled
investigators and led to a reformulation of the concept of active
chloride transport in thick ascending limbs. It is now generally
accepted that C1 transport is a "secondary active" process, whose
energy is derived indirectly from the Na:K pump via the Na gradient
(lumen-to-cell) that it generates. The need to maintain this gradient
explains the high Na,K-ATPase activity in this nephron segment.
The Na,K-ATPase activity found by us in rabbit medullary
and cortical thick ascending limbs [10] could account for over
one-half, and that reported by Garg, Knepper, and Burg [11] for
the entire net Na reabsorption in these structures [4, 21, 22],
although the enzyme activity falls short of the calculated
amount required for the unidirectional (lumen to bath) Na flux
in the rabbit thick ascending limb [21, 22]. In contrast, Na,K-
ATPase transport capacity in rat medullary thick ascending
limbs is far in excess of that required for net Na reabsorption in
this species [10, 41]. Similarly, because net Na fluxes measured
in the rat DCT in vivo with micropuncture [42] or microperfu-
sion [43] techniques range between 4200 and 9000 pEq mm
• hour', these rates can be supported entirely by the Na,K-
ATPase activity measured by us in this segment [10].
Both sodium absorption and potassium secretion occur via
active mechanisms in the cortical collecting tubule. The impor-
tance of Na,K-ATPase in the countertransport of these two
cations is underscored by the observation that the translocation
of either ion is inhibited by omission of the other from the
perfusate or bath, as well as by ouabain [44]. Because of
insufficient information, it is difficult at present to make quan-
titative correlations between K transport rates and Na,K-
ATPase activity in CCT analogous to those made above be-
tween enzyme activity and Na fluxes; it should be mentioned
here, however, that dietary K excess produces a striking
increment in Na,K-ATPase in this nephron segment [33, 34,
36], which is discussed in more detail below. Regarding sodium,
the unidirectional (lumen-to-bath) Na flux in rabbit CCT (7.1
pEq cm s1 or 2556 pmoles mm' hour I) measured by
Schwarz and Burg [45] corresponds closely to the sodium
transporting capacity of Na,K-ATPase (2446 pmoles mm'
hour ')determined by us in this segment [10].
Data on Na fluxes in the outer medullary collecting tubule are
not available for correlation with Na,K-ATPase activity; the
latter tends to be lower in the medullary than in the cortical
portion of the collecting tubule, whether measured as ATP
hydrolytic activity [10, 11, 16] or from the specific binding of
[3H]ouabain [20]. To my knowledge, there is no information on
Na,K-ATPase in the two subdivisions of MCT, but in view of
the functional differences between the MCT from the inner and
outer stripes of the outer medulla, the enzyme should prefera-
bly be measured separately in these two segments. Due to
extensive branching which makes their microdissection ex-
tremely difficult, no data on transport ATPases in the papillary
collecting ducts have been reported.
Regulation of Na,K-ATPase activity: studies in discrete
nephron segments
Much less is known about the physiologic regulation of renal
Na,K-ATPase than about its properties and nephron localiza-
tion; most of this information was obtained in studies of crude
kidney homogenates or subcellular fractions thereof (for exam-
ple, [6, 46—52]). Potential factors involved in the regulation of
Na,K-ATPase are the supply of Na (whose concentration in the
cytosol is rate-limiting4), K, and ATP; a number of hormones
including chiefly adrenal corticosteroids, thyroid hormones,
and perhaps insulin; and possibly vanadate and as yet undefined
endogenous digitalis-like substance(s). I recently reviewed this
topic in some detail and emphasized the key role of the
reabsorptive sodium load in the control of Na,K-ATPase activ-
Sodium concentration required for half-maximal activation of the
pure enzyme is 37 mrvi [5] and that of a relatively crude preparation of
kidney microsomes is 17 mtvi [53], whereas intracellular sodium con-
centrations determined by electron microprobe analysis are 20 and 11
mmoles/kg wet weight in proximal and distal tubules, respectively [541.
Thus, the enzyme probably operates normally at a fraction of its
maximal capacity. JØrgensen [5] calculated that the turnover of renal
Na,K-ATPase would double when the cytoplasmic Na increased from
20 to 30 mM.
26 Katz
ity in the kidney [7], Elsewhere in this article, the limitations of
such studies and the advantages offered by analysis of events in
individual tubules were also pointed out. However, little is
known at present about the modulation of Na,K-ATPase activ-
ity in discrete nephron segments, although new information
about the effects of corticosteroids and potassium loading on
the enzyme is accumulating.
Corticosteroids. Numerous studies using either kidney homo-
genates or various subcellular fractions establish beyond doubt
that renal Na,K-ATPase is under partial corticosteroid control,
as its activity invariably decreases after adrenalectomy and is
restored by replacement with mineralo- or glucocorticoids, or
both (reviewed in [7, 50, 551). However, the relative contribu-
tion of the two major classes of corticosteroids to this regulation
has not been determined conclusively, in part because enzyme
activity was determined in homogenates that are heteroge-
neous, and because hormones were often given in supraphysi-
ologic amounts that could have produced nonspecific effects via
hemodynamic alterations or receptor cross-occupancy.
We have recently re-examined this issue taking advantage of
sensitive methods for measuring Na,K-ATPase in discrete
nephron segments and for mapping receptor distribution of
steroid hormones along the nephron [56, 57], together with a
reliable procedure for the constant delivery of aldosterone and
corticosterone over prolonged periods of time [58]. We studied
the cortical collecting tubule, which contains the highest con-
centration of receptor sites for both hormones [56, 57] and
chose aldosterone and corticosterone because they are the
natural mineralo- and glucocorticoid in the species studied (rat).
Physiologic circulating levels of each hormone (= 5 ng/dl and
5 g/dl, respectively) were determined, and their delivery was
tailored to mimic concentrations in the normal, unstressed state
[58]. These experiments [55] indicated that adrenalectomy leads
to a large decrease in Na,K-ATPase activity in the rat CCT, that
reaches its nadir after 7 days. Physiologic replacement doses of
aldosterone prevented this decline and restored the activity of
the enzyme after it was allowed to decrease maximally follow-
ing adrenal ablation, whereas similar replacement with cord-
costerone had no effect. The results strongly suggest that under
physiologic conditions Na,K-ATPase in the CCT, a target
nephron segment for both classes of steroids, is under mm-
eralocorticoid rather than glucocorticoid control. Petty, Kokko,
and Marver [59] also reported that aldosterone, but not dexa-
methasone, enhances Na,K-ATPase of rabbit CCT in short-
term experiments.
Chronic administration of DOCA [11, 34, 601 or dietary
manipulations of endogenous mineralocorticoid production [11,
34] modulate Na,K-ATPase activity in rabbit CCT in a direction
concordant with the requirements for cation transport. How-
ever, interpretation of these experiments is complicated be-
cause DOCA was given in pharmacologic doses, and especially
by the likelihood that during dietary manipulations factors other
than mineralocorticoids (for example, altered delivery of Na
and K to the CCT) may, by themselves, modify the enzyme in
this segment. We, therefore, attempted to define the nephron
site, time course, and mode of action of the main natural
mineralocorticoid aldosterone on Na,K-ATPase activity in rat
and rabbit tubules using protocols analogous to that just de-
scribed [55]. The hormone was given by constant infusion from
osmotic minipumps in doses calculated to attain levels similar
to those produced endogenously during potassium loading (50
to 100 ng/dl) or sodium deprivation ( 300 ng/dl), but without
changing the dietary supply of these cations [35].
Aldosterone produced a time- and dose-dependent stimula-
tion of Na,K-ATPase that was evident after 12 hrs and maximal
after 7 days. This effect was segment-specific, as it was seen
only in the CCT and not in proximal convoluted tubules,
medullary thick ascending limbs, or medullary (inner stripe)
collecting tubules. To determine whether aldosterone stimula-
tion of Na,K-ATPase activity is due to increased synthesis of
new enzyme units or to changes in its kinetics, we measured
specific [3H]ouabain binding to the CCT of rabbits treated with
aldosterone in the dose (5 g/100 g body wt/day) that
reproduces the levels seen after K loading. There was no
change in the enzyme's affinity for its three main ligands (Na, K
and ATP), but ouabain binding increased exactly in parallel
with the Na,K-ATPase activity, suggesting that the latter rep-
resents an increase in the number of active enzyme units.
Critical to understanding the mechanism of corticosteroid
action in the kidney and other transporting epithelia is determi-
nation of the onset of their effect on renal Na,K-ATPase, that
is, whether it corresponds to the time course of steroid modu-
lation of electrolyte transport. This subject remains debated,
with investigators divided between those who do and do not
find an acute effect (that is, within 3 hrs) on the enzyme, and
between those who consider such an effect (when found)
primary on the pump, or secondary to enhanced sodium entry
via the apical membrane (reviewed in [61]). For example, El
Mernissi and Doucet [62] reported recently that a single injec-
tion of aldosterone restored Na,K-ATPase activity within 3 hrs
in dose-dependent fashion and selectively in the CCT of adre-
nalectomized rats; in contrast, no significant alteration in Na,K-
ATPase activity within 3 hrs of injection of either aldosterone or
corticosterone, in doses that spanned the physiologic to supra-
pharmacological range, could be elicited by us in the same
species and using apparently identical methods [61]. The rea-
Sons for such discrepant observations are obscure, and their
elucidation would contribute materially to our understanding of
corticosteroid action in the kidney.
Potassium adaptation. Animals subjected to a sustained
dietary load of K adapt mainly by increasing its secretion along
the distal nephron. Although the tubule segments where this
increment occurs have not been identified with certainty, there
is general agreement that the mechanism of enhanced K secre-
tion involves a rise in the intracellular exchangeable potassium
pool brought about by the peritubular Na:K pump [631. Thus,
chronic K loading is accompanied by an increase in Na,K-
ATPase activity in kidney homogenates, and ouabain interferes
with potassium secretion by the amphibian, avian, and mam-
malian kidney (reviewed in [33]).
To identify nephron sites where renal potassium adaptation
takes place, Doucet and Katz [331 measured Na,K-ATPase
along the nephron of K-loaded mice. Enzyme activity trebled in
the CCT, and increased nearly as much in MCT, but did not
change substantially in any other nephron segment. This study
illustrates the usefulness of the Na,K-ATPase assay in discrete
segments, for it identified the collecting tubule, rather than the
distal convoluted tubule as the site of renal potassium adapta-
tion. These observations were confirmed shortly thereafter by
morphologic and transport studies of these two segments [311.
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Whereas both aldosterone levels [58] and Na,K-ATPase in
CCT [33, 34] increase during K adaptation, it is not clear
whether the two events are causally related. Preliminary studies
in our laboratory [36] indicate that Na,K-ATPase activity in
CCT increases after 7 days of K-loading only in adrenal-intact
or adrenalectomized rats receiving aldosterone in a dose that
corresponds to its production rate in K-adapted animals (5
jig/100 g/day), but not in adrenalectomized rats receiving nor-
mal replacement doses of the hormone (0.8 gII0O g/day).
Therefore, it appears that elevated aldosterone levels are re-
quired for the increment in Na,K-ATPase activity to occur, and
that this hormone plays an important part in potassium adapta-
tion.
Calcium-activated ATPases
Under basic conditions nearly all the calcium in the glomer-
ular filtrate is reabsorbed along the nephron. While the bulk of
filtered Ca is reabsorbed in the proximal convoluted tubule,
considerable reabsorption occurs in the pars recta, thick as-
cending limb, distal convoluted tubule, and early cortical col-
lecting tubule. Indeed, it appears that the final regulation of the
amount of Ca excreted in the urine occurs in more distal
segments of the nephron [64]. The mechanisms involved in
tubular Ca reabsorption are poorly understood: Both active and
passive modes of transport have been proposed, sometimes for
the same nephron segment, and the cellular events responsible
for active Ca transport by the renal tubule remain undefined.
Cytoplasmic free calcium (Ca2 ) concentrations (10—v to
106 NI) are several orders of magnitude lower than in the
extracellular milieu. To maintain this enormous gradient cells
rely on ATP-dependent "calcium pumps" and on Ca2 :Na
and Ca2 + :H + exchange systems located in the plasma mem-
brane, as well as in mitochondria and sarcoplasmic reticulum.
In transporting epithelia, these systems participate in the vec-
torial translocation of calcium in addition to maintaining intra-
cellular Ca homeostasis.
Membrane-bound Ca transporting enzymes have been stud-
ied best in red blood cells, where a high-affinity Ca-ATPase is
considered the biochemical equivalent of the "calcium-pump,"
but are also present in many other tissues [65]. In the kidney,
calcium-activated ATPases have been demonstrated in cortex
homogenates [66], suspensions of cortical tubules [67], and
microsomes or membrane vesicles [68—71] from rat, rabbit, and
hog kidneys.
Two observations from studies of plasma membranes provide
strong evidence for a function of calcium-ATPases in renal
tubular calcium transport. First, separation of vesicles from the
luminal and basolateral aspect of the cell has shown that these
enzymes are located exclusively in the basolateral membrane
[68, 70, 71], where they could extrude Ca into the peritubular
space against steep gradients. Furthermore, calcium uptake by
(inside-out) basolateral membrane vesicles (corresponding in
vivo to calcium extrusion from the cell), depends on, and is
supported by, ATP in concentrations that are found in the
cytosol and are optimal for calcium-dependent ATPase activity
[72].
Calcium-A TPases along the nephron
Low affinity Ca-A TPase. The earliest report of a calcium-
stimulated ATPase in basolateral membranes described an
enzyme activated by Ca or Mg in millimolar concentrations
[681. We examined the distribution of this enzyme in individual
segments of the rabbit nephron with microassay methods pre-
viously used for determination of Na,K-ATPase [18] and incu-
bation conditions similar to those prevailing in the assay of
membrane preparations [68]. The enzyme was found along the
entire nephron and was activated by millimolar concentrations
of either Ca or Mg, neither of which was necessary for
activation by the other cation [73]. This Ca-ATPase originated
both in the mitochondria and the plasma membrane (and
perhaps other cell fractions), as it was substantially inhibited by
oligomycin and azide; its activity in the combined presence of
these inhibitors ranged between 200 to 400 pmoles P1 mm -
hour' in most nephron segments examined.
The physiologic role of this low-affinity Ca-ATPase in trans-
membrane calcium transport is not clear, because it is activated
by Ca concentrations in the millimolar range, whereas the
cytosolic free Ca2 + level in kidney cells is orders of magnitude
lower [74]. Therefore, it is of considerable interest that such an
enzyme was found, besides the kidney, also in red cell ghosts,
brain synaptosomes, and eel gills (reviewed in [73]). The
obvious question raised by these observations is why should an
enzyme present in numerous organs of different species require
nonphysiologic concentrations of its ligand? It is conceivable
that the high capacity of the enzyme compensates for its low
affinity [68], or that calcium may be "compartmentalized" at
the inner surface of the membrane to a higher concentration
than in the rest of the cytosol, but these explanations are
entirely speculative. The role of the low-affinity Ca-ATPase in
calcium transport remains to be determined.
High-affinity Ca-A TPase
A more attractive hypothesis is that calcium extrusion from
renal tubular cells is mediated in part by a high-affinity calcium-
activated ATPase, activated by Ca2 in concentrations nor-
mally present in the cytosol. Supporting this view is the
identification of such an enzyme exclusively in basolateral
membrane vesicles [70], and the correspondence between the
Km for calcium of this (Ca2 + Mg2)-ATPase (0.68 M) and
that of the ATP-dependent Ca2 uptake (0.5 LM) in this
preparation [70, 72], which suggests an identity between these
two systems. It is also recalled that cytosolic-free Ca2 in
kidney cells averages 0.45 LM [74]. For these reasons we sought
to determine whether a high-affinity calcium-ATPase can be
detected in isolated rabbit tubules, and if so to measure its
activity in individual nephron segments [75].
A Mg2-dependent ATPase, maximally activated by Ca2
concentrations between 1.1 to 2.3 M and with an apparent Km
for Ca2 of 0.3 to 0.4 /LM (hence Ca-Mg ATPase), was found in
all the nephron segments examined: Its activity was greatest
(200 pmoles mm' hour I) in distal convoluted and cortical
collecting tubules, intermediate in the proximal convoluted
tubule and medullary thick ascending limb, and lesser in the
pars recta, cortical thick ascending limb, and medullary collect-
ing tubule (Fig. 3). Because we measured Ca-Mg-ATPase in
intact tubules, the cellular component where it originates is
uncertain. However, sodium azide, an inhibitor of mitochon-
drial ATPase, did not affect the enzyme, so that its location in
the plasma membrane (or in the endoplasmic reticulum) seems
likely. This enzyme differed from that described by us before
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Fig. 3. Distribution qf Ca-Mg-ATPase along the rabbit nephron.(Reprinted with permission from [75].) Abbreviation definitions are in
Table 1.
[73] in its absolute requirement for magnesium, high affinity for
calcium, lack of inhibition by azide, and lesser activity.
Except for preliminary data on an ATPase of indeterminate
calcium affinity in rat tubules, the activity of which ranged
between 19 to 70 pmoles mm hour [761, 1am unaware of
other reports on calcium ATPases in nephron segments.
Correlations with calcium transport. Because of its selective
location in the basolateral membrane, it is tempting to postulate
that the Ca-Mg-ATPase participates in the tubular reabsorption
of calcium. In contrast to Na,K-ATPase and Na transport,
however, only general comparisons can be made between the
activity of this enzyme and Ca fluxes in isolated tubules, not
only because there is still disagreement about the active nature
of Ca transport in certain nephron segments but, more impor-
tantly, because the proportions of Ca extruded by way of the
ATP-dependent "calcium pump" and by other mechanisms are
unknown. Among the latter, Ca2 :Na countertransport,
driven by the Na gradient generated by the Na:K pump, is a
major mode of Ca transport in kidney tubules and other tissues.
With these reservations in mind, Doucet and Katz [75]
attempted to correlate data from the literature on unidirectional
Ca fluxes in perfused rabbit tubules with the activity of Ca-Mg-
ATPase measured by them in nephron segments from the same
species (Table 2 in [751). The transport capacity of Ca-Mg-
ATPase was calculated assuming a molar Ca2 :ATP ratio of 2,
as described for calcium pumps in sarcoplasmic reticulum and
erythrocytes. Notwithstanding the variations in flux rates mea-
sured in the same segment by different investigators and the
disputed nature of the Ca transport mechanism (both in the
cortical thick ascending limb), there was a reasonably good
agreement between the two measurements: Whereas the trans-
porting capacity of Ca-Mg-ATPase represented only 30 to 45%
of that required for proximal straight tubules, it could support in
theory the entire unidirectional calcium flux in thick ascending
limbs, connecting, and cortical collecting tubules [751.
Regulation of Ca-Mg-A TPase. The enzyme found in basolat-
eral membrane vesicles of rabbit kidneys is calmodulin-depen-
dent [70]; "loop diuretics" (furosemide, ethacrynic acid) in
relatively high concentrations (l0- to i0 M) inhibit calcium
pump activity of rat kidney microsomes [77], but little else is
known about the control or function of this enzyme. At this
writing, there is no information from studies concerning indi-
vidual nephron segments about possible regulators of Ca-Mg-
ATPase, including such obvious candidates for this role as
parathyroid hormone, calcitonin, and calcitriol.
Proton-translocating ATPases
The latest class of ATPases to gain recognition as potential
mediators of renal tubular transport is that of H +
-translocatirg
ATPases. Such enzymes are thought to be the biochemical
expression of proton pumps involved in ATP-dependent W
secretion by the renal tubule cell, analogous to the two previous
ATPases discussed in this review that represent, respectively,
the Na:K and Ca pumps of the cell. Unlike the latter, which are
located on the basolateral cell membrane, the direction of H
translocation and the electrochemical characteristics of tubular
cells and of the luminal and peritubular compartments dictate
that active H secretion must be located on the luminal
membrane [781. Although proton-AlPases have so far not been
studied in isolated tubule segments, recent investigations that
suggest a role for these enzymes in renal H secretion also point
to their likely location in the nephron: Brushborder membrane
vesicles prepared from the renal cortex originate mainly in
proximal convoluted tubules because they constitute the bulk of
the cortex and have extensive microvilli on their luminal
surface; experiments reporting H-ATPase in renal medulla
probably describe events in the collecting tubules, which are
the site of urine acidification in this region of the kidney.
There are a number of proton translocating ATPases, widely
distributed in nature from bacteria and fungi to several mam-
malian tissues [79, 80]. They are divided broadly into two types:
The F0-F1 type, found in bacteria, chloroplasts and mitochon-
dna, are characterized by numerous subunits, lack of phosphor-
ylated intermediate, and resistance to inhibition by vanadate;
the E1-E2 type have a simpler subunit structure (with a catalytic
subunit of =l00 kD), undergo phosphorylation in their catalytic
cycle and are inhibited by vanadate. These enzymes include the
H-K-ATPase of gastric mucosa and the membrane proton
pump of Neurospora crassa. The Na-K- and Ca-activated
ATPases also share the characteristics of this latter group.
Additional proton-ATPases, including that involved in urine
acidification by the turtle urinary bladder, do not belong in a
strict sense to either of the two major types [80—82]. These
H-ATPases have been associated with various cell organelles
such as clathrin-coated vesicles, lysosomes, and so forth,
besides the plasma membrane, which underscores their wide-
spread participation in cell function.
The bulk of active H + secretion (and/or base absorption) in
the kidney occurs in the proximal convoluted tubule, where it
accomplishes the reclamation of filtered bicarbonate. Distal
proton secretion occurs in the collecting tubule against steep
electrochemical gradients and is responsible for the regenera-
tion of bicarbonate lost in buffering the non-volatile acids
produced by metabolism. H secretion in the medullary and
papillary collecting duct is regulated by aldosterone [83, 84] and
other factors that determine the final amount of acid excreted in
the urine. In the context of the molecular mechanisms involved
which are discussed below, it is important to note that proton
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secretion in the proximal tubule is largely sodium-dependent
and electroneutral, whereas in the collecting tubule it has the
opposite characteristics [78, 83, 85].
Proximal tubule. Active H secretion across the luminal
membrane of the proximal tubule cell is a complex process for
which as many as five different mechanisms have been pro-
posed. Aronson [78] has recently reviewed the evidence sup-
porting each of these and has presented cogent arguments that
a Na/H exchanger at the luminal membrane is the principal, if
not the sole, mechanism of proximal tubule acidification, al-
though this view is not shared by all (for review, see [86, 87]).
Whether ATPase(s) participate in this process or not is a
question intimately linked with that of the existence and mag-
nitude of a sodium-independent, electrogenic mode of H
secretion in proximal tubules that uses ATP as its driving force.
The Na/H antiporter was demonstrated in vesicles pre-
pared from the kidney cortex of several species and was
localized to the brushborder membrane [88, 89]. It is inhibited
best by amiloride and its stoichiometry reveals a Na:H coupling
ratio of 1, indicating that the exchange is electroneutral. Data
obtained with isolated vesicles agree with functional measure-
ments that stress the dependence of proximal acidification on
the presence of luminal Na and of an inwardly directed Na
gradient across the luminal membrane [78]. H secretion via
the luminal Na/H antiporter is therefore of the "secondary
active" type, that is, dependent on the Na gradient generated
by Na,K-ATPase at the opposite side of the cell.
ATPases and proximal tubular acidification. Perhaps be-
cause ATP-driven H + transport may not be the major mode of
H secretion across the luminal membrane, and due to uncer-
tainty about their cellular origin, the role of ATPases in proxi-
mal acidification remains controversial. Based on the identifi-
cation of a Mg-ATPase stimulated by HCO3 - (HCO3- -ATPase)
in rat and rabbit brushborder membranes, it was proposed that
this enzyme, presumably activated by intracellular bicarbonate,
is operative in H translocation across the luminal membrane
[90, 91]. However, because of the concentration of HC03-
ATPase in kidney mitochondria [92], some investigators ques-
tion the location of this enzyme in the cell membrane and
attributed it to mitochondrial contamination [93]. Kinne-Saifran
and Kinne [94] later provided evidence against such contami-
nation based on the relative enrichment of HCO3 —-ATPase and
of the mitochondrial marker succinate dehydrogenase in
brushborder membranes, combined with the different profiles of
inhibitor action on this fraction and mitochondria.
Arguments for or against the origin of a HC03-ATPase in
the cell membrane of kidney and other tissues have generated a
substantial literature that cannot be fully reviewed here; this
issue remains unsettled. The equally important question of the
physiological role of a membrane HC03-ATPase has received
scant attention, and the only two studies dealing with this
subject, conflict: In one report the enzyme activity decreased
[95] and in the other increased [96] in microsornes and
brushborder membranes, respectively, of rats made acidotic by
NH4CI. Regarding the mechanism of proximal tubule acidifica-
tion, a recent study by Kinne-Saifran, Beauwens, and Kinne
[87] is of interest. Taking a different approach than searching for
HC03-ATPase, these authors have used ATP-preloaded yes-
ides prepared from luminal membranes of rat kidney cortex.
Their demonstration of H secretion coupled to ATP hydroly-
sis in these vesicles, if they are not contaminated by other
organelles, provides strong evidence that the brushborder mem-
brane contains an ATP-driven proton pump.
Collecting tubule. Distal acidification of the tubular fluid
occurs along the entire collecting tubule and is quantitatively
more important in its medullary portions [97]. This process is
unaffected by removal of luminal Na or inhibition of Na
transport by ouabain indicating that, in contrast to the proximal
tubule, it is not mediated by Na:H exchange [78].
Elucidation of the mechanism of distal acidification owes
much to studies of the turtle urinary bladder, an epithelium that
shares morphologic and functional characteristics with, and
serves as a model for, the mammalian collecting tubule. Gluck,
Kelly, and Al-Awqati have provided persuasive evidence that
H secretion in the turtle bladder is mediated by an electro-
genic proton pump located in its luminal membrane [81], and
that the activity of this H-ATPase, which is stimulated by an
increase in ambient C02, is regulated by the insertion of
vesicles into the membrane by a process akin to exocytosis [82].
The proton-translocating ATPase of the turtle bladder was
resistant to oligomycin and vanadate but was inhibited by
DCCD (dicyclohexylcarbodiimide) and stimulated by protono-
phores. The nearly identical enrichment of DCCD-sensitive
ATPase and H transport in different membrane fractions and
the comparable effect of several inhibitors on the enzyme and
H4-transporting activity suggested the identity of these two
systems [81].
The vesicles containing the H-pump are present in the
mitochondria-rich cells of the turtle bladder epithelium [82],
which are structurally similar to the intercalated cells of the
collecting tubule [98]. It is of interest, therefore, that respira-
tory acidosis in the rat leads to an increase in the surface
density of the apical membrane of intercalated cells in the outer
medullary collecting duct, while the basolateral membrane
surface density and the principal cells are unaffected [98].
Because the increase in luminal membrane density was accom-
panied by a reduction in tubulovesicular structures adjacent to
it, the authors concluded that acidosis brings about the insertion
of H pumps by fusion of vesicles into the luminal membrane,
analogous to the situation in the turtle bladder [82, 98]. Finally,
in a study recently published, Gluck and Al-Awqati [85] dem-
onstrated ATP-dependent, electrogenic H transport in a mem-
brane fraction from bovine medulla and concluded that this
proton-translocating ATPase is similar to that of the turtle
bladder and distinct from the H -ATPases of mitochondrial,
lysosomal, and gastric proton pumps. Although not established
in this report, the presumed location of this enzyme is in the
luminal membrane of medullary collecting tubule intercalated
cells.
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